We demonstrate an O band 40Gb/s silicon microring modulator assembled with a 1V driver in a 52km metro transmission experiment without dispersion compensation, achieving a record high bandwidth distance product of 2080Gbkm/s.
INTRODUCTION
The new era of disaggregated datacenters [1] imposes constantly growing requirements for optical transceivers that need to offer small footprint and low-power consumption in a high bandwidth-distance envelope. Silicon microring modulators offer an attractive solution, thanks to their small footprint, low switching power and high-speed characteristics [2] . The majority of the already proposed microring designs [2] - [4] have focused on the C-band due to the lower standard single mode fiber (SSMF) losses and the availability of low noise EDFA-based amplification, where, however, maximum transmission distance is limited by the strong chromatic dispersion (CD) of the SSMF when no dispersion compensation is utilized [5] . The maximum bandwidth-distance product for C-band silicon micro-ring modulators has been shown to reach 1000 Gb-km/sec when no dispersion compensation is employed, transmitting 12.5Gb/s data over an 80km long fiber link [6] .
On the contrary, O-band microring modulators [7] - [10] can take advantage of the very low CD of SSMF in this spectral region to allow much higher transmission distances without dispersion compensation, with prior demonstrations of 40Gb/s data transmission in 40km-long fiber links setting the record-value of the bandwidth-distance product at 1600 Gbkm/s [7] . However, this has been accomplished by O-band silicon microring designs that require relatively high (3-4Vp-p) driving voltage values [7] , suggesting significant challenges for the required high-speed electronic driver circuitry towards concluding to low-energy co-packaged electro-optic transmitter modules. Combining high-speed inverter-based CMOS drivers with a limited 1 Vpp output power [11] with recently demonstrated low-voltage high-speed silicon microring modulators in the O-band [9] holds the potential to yield densely co-packaged silicon transmitter modules, but this has been only demonstrated for C-band silicon microring modules so far, with transmission capabilities not higher than 2 km [11] .
In this paper, we report for the first time, to the best of our knowledge, a co-packaged O-band silicon microring-based transmitter with a record-high bandwidth distance product of 2080 Gb-km/s without employing dispersion compensation. The transmitter layout utilizes a 1V-CMOS driver wire-bonded to a Silicon microring modulator [9] and transmits 40Gb/s NRZ-OOK data signal with a 4.2 dB extinction ratio (ER) for an insertion loss value of 6 dB, with the co-packaged module requiring an input electrical data signal with only 75 mVpp and having an energy consumption of 40mW, achieves a high energy efficiency of 1 pJ/bit. Error-free transmission of 40 Gb/s NRZ data in a 52km transmission link with a negligible power penalty of 0.2 dB is experimentally measured, revealing a 30% higher transmission reach compared to state-of-the-art silicon microring modulators [7] .
THE O-BAND SILICON MICRORING MODULATOR AND 1V-CMOS DRIVER TRANSMITTER PACKAGE
A close-up view of the assembled O-band transmitter is depicted in Fig. 1 (a) . The transmitter comprises a photonic chip, fabricated in imec's ISSIPP50G platform and incorporating a high-speed carrier-depletion O-band microring modulator [9] , which is wire bonded to a low-power 28-nm fully depleted silicon on insulator (FD-SOI) electronic driver that is identical to the one reported in [11] . The chips were placed in close proximity in order to minimize the wire bonding WF3-2 inductance, while the power and ground supply pins of the electronic driver were wire bonded to a general-purpose PCB and were accessible through input/output header pins. The electronic driver input was accessible through high speed RF pads, while grating couplers were used to couple light in and out of the photonic chip. Figure 1 (b) illustrates the mask layout of the microring transmitter section on the photonic chip, depicting the highspeed RF microring modulator's pads along with two optical paths formed between respective input/output Grating Couplers (GCs): one path is a simple straight section and acts as the reference silicon branch, while the second silicon waveguide path incorporating the 7.5μm radius microring is depicted in more detail in the zoomed-in inset. The silicon modulator was characterized using a Tunable Laser Source (TLS) for launching light into the chip through the TE GCs, for both the straight and the microring section, while light coupled from the output GCs to an optical fiber was measured by means of a high-precision optical powermeter. A Polarization Controller (PC) was utilized, prior to launching the light to the chip, to match the incoming light's polarization to the input grating coupler. The resulting optical transmission spectrum is depicted in Fig. 1 (c) . Based on the measurement of the straight section, the two grating couplers induce a minimum loss of 8 dB at 1315 nm. The microring modulator has a low single-pass loss of about 0.2 dB near the grating coupler's peak, caused by the scattering and absorption in the doped region, while a free spectral range (FSR) of 9 nm and an extinction ratio (ER) of at least 10 dB has been measured. By applying reverse bias to the junction, the resonance of the microring modulator shifts as depicted in Fig. 1 (d) . Linear fitting of the values of the wavelength shift, versus the applied negative voltage, reveals an efficiency of 28.2 pm/V as illustrated in Fig. 1 (e) . The micro ring modulator had a modulation bandwidth of 35 GHz at 0 V bias along with a very low capacitive load of 30fF [9] .
40GB/S DATA TRANSMISSION IN A 52KM-LONG FIBER LINK: EXPERIMENTAL SETUP AND RESULTS
The experimental setup is illustrated in Fig. 2 . A 40 Gb/s PRBS^7-1 data stream was electrically applied to the driver circuit through a high-speed RF probe. The electrical data signal had a peak-amplitude of 307mV, with the supply voltage (VDD) applied at the PCB header pins being 1.1Volt. This value has been slightly higher than the nominal 1V to compensate for the PCB electrical routing losses. The driver's 1Volt Vp-p RF output was combined with a negative voltage of -VDD/2, used for biasing the micro ring modulator at -0.5 V, and the resulting signal was applied to the microring modulator high frequency pads through wire bonds. Light from a TLS at λ1=1315.3 nm, close to the RM resonance, was launched into the photonic chip through a TE grating coupler, while a PC was used to match the incoming light's polarization to the grating. The resulting modulated signal was then coupled out of the chip through an output TE grating coupler and collected in a fiber. Injected input power was 10 dBm. With the two grating couplers inducing 8dB losses at 1315 nm and the RM losses being ~6 dB, the optical signal obtained at the chip output had an average power of -7.2 dBm. After exiting the silicon chip, the optical signal was launched into a 52 km standard single mode fiber (SSMF) link that had a dispersion of -0.21 ps/nm/km at 1315 nm and a total loss of 17.4 dB, implying a propagation loss factor of 0.33 dB/km when neglecting the connector losses. In order to satisfy the power budget requirements, two SOAs (SOA1-SOA2) were employed before and after the SSMF spool to compensate for the chip's insertion losses and the SSMF propagation losses. Isolators at the input and output of both SOAs were utilized to ensure unidirectional signal transmission inside the SOAs, while Optical Band Pass Filters (OBPFs) with a 2.5nm bandwidth, were used at the SOAs outputs to filter out the SOA amplified spontaneous emission. Finally, PCs were utilized prior to the SOAs inputs to Figure 3 (a) depicts the optical spectra of the modulated signal at the modulator's and SOA1 output, revealing a slightly increased noise floor originating from the SOA-induced ASE. The optical eye diagram of the 40 Gb/s signal captured via an oscilloscope at SOA1 output is illustrated in Fig. 3(b) , revealing an open eye with an ER of 4.25 dB for a low driving voltage of 1 V. This signal was then injected into the 52 km SSMF spool. After being amplified in SOA2 and filtered in the OBPF, the signal quality was evaluated at an oscilloscope and via BER measurements. Fig. 3(c) depicts the obtained eye diagram, revealing an ER value of 4.14dB. Fig. 3(d) illustrates the BER measurements obtained both at SOA1 and SOA2 output, revealing error-free operation for both cases with an induced power penalty before and after the 52km spool of ~0.2dB at 10-9. SOA1 was operated at 280mA offering a 15.8dB gain at 1315nm, while SOA2 was driven at 144 mA providing a gain of ~14.8 dB. The power consumption of the co-packaged electronic driver was 40mW, resulting to an energy efficiency of only 1 pJ/bit for 40Gb/s operation.
CONCLUSIONS
A co-packaged 40Gb/s O-band silicon transmitter with a record high bandwidth-distance product of 2080 Gb-km/s has been presented, comprising a high-speed O-band microring modulator wire-bonded to a low-power CMOS electronic driver. The CMOS electronic driver uses a 40 Gb/s NRZ PRBS^7-1 input signal of 307mV to drive the microring modulator with a Vp-p voltage of 1 Volt. The resulting optical signal is transmitted through 52km of SSMF, with BER measurements revealing error-free transmission with a power penalty of less than 0.2 dB.
